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ABSTRACT

Previous measurements of recombination coefficients in the
Fe-region by Quinn ard Nisbet {1965) were made using ion density
profiles derived from reduced ionograms. Uncertainties resulted
due to the lack of infcrmaticn on the profile of the top of the layer,
on the temperatures of electreorns, ions and neutral particles, and
about the proiiles in the lower F-region at night.

Profiles obtained at the Arecibo Ionospheric Observatory for
one summer and one winter night have been used to study the night-
time recombination. A considerable improvement in the consistency
of the resuits is obtaired by the use of the incoherent scatter mea~
surements.

It is shown that the summer results compare cicsely with those
obtained previcusly by Quirn zad Nisbet {1965). It was found that in
wirter the electron content did not decrease and hencs a different
method was used to calculate the recombination coefiicient than was
used for the summer data. Orn this basis, it was quite difficult to
make any corclusions about the seascnal dependence of the recom-

binasicn coefficient.




L1

I. INTRODUCTION

1.1 General Statement of the Problem

In previous investigations, Nisbet and Quinn (1963) and Quinn
and Nisbet (1965) have examined the recombination and diffusion
processes at night using electron density profiles reduced from
ionograms,

For these analyses it was found necessary to study the
layer as a whole because of the importance of downward transport
of ionization through the maximum. This required that certain
assumptions be made about the shape of the top of the layer,
or at least about the changes in the content above the peak as a
function of time. The reduced ionograms did not, of course,
extend beyond the maximum,

At night ionograms are subject to errors at lower heights
due to dispersion in the lower regions of the ionosphere. It isin
this region that the dissociative recombination coefficient becomes
important and it is here that the lower boundary conditions for the
transport velocity are established. It was thus necessary to
correct the profiles to the extent possible and this was done using
a series of correction factors developed by Long (1962). These
measurements were compared with neutral atmospheric
temperatures estimated using the. mean monthly 10.7 cm solar
flux and a relation derived by Jacchia (1962) from satellite

retardation studies.




Incoherent scatter measurernents cf the ioncsphere provide
measur ements of the electron density above and below the maximum,

measur ements of the electron and ion temperatures, indicate

Moy

the ionic mass and are not subject to dispersive errors in the
lower ionosphere at night,

It is the purpose of the presert study to use incoherent
backscatter measurements made at the Arecibo Ionospheric
Observatory to make estimates of the recombination and
diffusion coefficients and to compare these results with those ob-
tained by Quinn and Nisbet {1965) and with those obtained by other

investigator s,

1,2 Previoas Related Scudies

1.2.1 Recomkination and Diffusicn .

Yonezawa (1955) ccncludad that & Chaproan distribution of
electron density would not ckange iis form throughk electron-ion
diffusion but the layer would move as a whole, He also showed
that any initial distribu*ion ef eloctren densicy woula tend to a
Chapman distribution as time procesded. in doing this he
assumed that electron remeoval took plac: by an aitachment type
process with its rate coefficient independent of height but
considered that ¢ven if the rate coefficient varied with height
and electron removal was accomplishad by a recombination

process, his results would sti:l hold.




Ratcliffe et al. (1956) pointed out that diffusion was the
controlling factor in the vertical distribution of ionization in the
- upper F-2 region. They showed that between 250 and 350 km,
the loss of electrons followed a linear law. The loss coefficient
- was found to decrease exponentially with height Z according to

the Law:

Lo~ [300 -z

B = exp 50

They suggested that the level of maximum production was near
the F1 peak and that larger ionization at higher levels was due
to the exponential decrease with height of the loss coefficient

as shown in the equation abuv =,

Shimazaki (1957} has shown that above 300 km any distri-
bution of electron density will tend to equilibrium within an
hour under the influence of diffusion. He found that the Bradbury
model of distribution was much better than the Chapman model.
He concluded that:

1. An upward scale height gradient has an appropriate
effect on the Bradbury F-2 layer.

2. Temperature variations have a definite effect upon
the height of the layer.

3. A non-uniform ''semi-diurnal’ vertical drift
velocity has a serious effect upon the daily
variations in the F2 layer.

4, A non-uniform diurnal vertical drift velocity has
no desirable effect =xcept near the equator.




Gliddon and Kendall (1960) made some calculations
assuming a linear attachment type loss and considering diffusion
to be present in the ionosphere, Their calculations showed
that Ratcliffe's linear attachment type loss process seemed to
hold and they also expressed considerable support for
Bradbury's (1938) hypothesis that the F1 and F2 regions were

both produced by the same source of ionization.

Rishbeth and Barron (1960) using a computer technique
considered equilibrium conditions to hold and investigated the
various processes controlling the shape of the F-2 layer of the
ionosphere. They point out that an upward driit tends to trans-
port ionization from its level of origin to a level where the loss
rate is smaller thus accounting {or thz electron density peak
lying above the peak production of ionization level, The authors
conclude from their work that:

1. If the only vertical drift was that caused by plasma
diffusion, then:

a. The peak of electron density would occur
near the ievel where the logs rate and the
diffusicn rate d = D/H® were equal,

b. At the peak and below it, the electron density
would be given by N = q/B, just as though
there were no diffusion.

c. At levels more than one scale height abtcve the
electron peak, the electron distribution would
be controlled by diffusion and assume an
exponential form.

d. Near the electron peak, the distribution would be
approkimately parabolic, with a thickness in-
ver sely proportional to the gradient of the
function log (B/d).




2. The effects produced by a vertical drift depended on
the ratioc of its magnitude tc the product H+ d at
the electron peak. The shape of the layer would not
be greatly effected and unless the drift were quite
strong the peak electron density would still be given

by N = q/B.

3. The above conclusions would not be materially effected
if the scale height varied with height.

Nisbet and Quinn (1963) showed for the first time that p was
not a constant, They showed that § according to the Bradbury hy-
pothesis was proportional to the mclecular density and that
according to various atmospheric models, the molecular densities
at 300 km were going to vary by a factor of 30 or 40 over the
solar cycle and by a factor of about 3 diurnally, Thereforep at
a given altitude was nct obviously going to be the same at night
as it was in the day and trat it would also vary over the solar

cycle,

In a letter to the editor, Dalgarno (1964) revised his
estimates of the di‘fusion coefficient of 0+ ions in atomic
oxygen in view of some recent measurements made by Stebbings,
Smith and Ehrhardt., The corrected values for the collision
frequency and diffusion coefficients are presented in the

following table,




Table I

Collision Frequencies v And Diffusion Coefficients D of ot in O

Temperature °K 300 400 500 700 1000 2000

18y -1__ -1
)

(Dnx 10" “)cm " sec 3.3 3.9 4.5 5.7 6.9 9.6

(v x10'%/n)em3sec™? 4.7 5.0 5.7 6.3 7.3 10.0

Hanson and Patterson (1964) discussed the problem of
maintenance of the nighttime F-layer. They said that it was
possible in principle that the nighttime F-layer could be maintained
either by H* ions in the protonosphere providing a source of
0% ions thr ough charge exchange, or by an upward drift of
ionization which would raise the layer to an altitude where re-
combination was slow. They proceeded to show that, on the average,
the number of H' ions that would be consumed by a charge exchange
process could not be supplied by upward diffusion in the daytime,.
They therefore concluded that the protonosphere could not
maintain the nighttime F-layer since it was not possible during
the day to generate enough return flux of protons and that
therefore it seemed most likely that the region was maintained
by a vertical drift of ionization to a region where the recombination

was relatively slow.

Quinn and Nisbet (1965) used mean monthly true height
electron density profiles to arrive at estimates of the

recombination and diffusion coefficients, This method, however,




has certain drawbacks which were discussed by the authors.
First of all, the authors were forced to use mean monthly
electron density prcfiles whick were reduced from ionograms
and hence had no measurements of the profiles
mum. So a top to the profile had to be assumed. They found,
however, that if the layer skhape remained uniform and the effects

of temperature changes were included that the calculation of B3p0
would not depend critically on the profile assumed for the top of

the layer.

Coupled with this drawback, however, is the effect of
determining temperatures from the profiles. For if the temperature
changes are nct accurately determined, then the recombination
coefficients may be sericusly in error. This effect is also
coupled with the effect of a change in the electron-ion temperature
ratio.

The effects of a decreasing T./Tj ratio and different
assumptions about the changing shape of the layer were investigated,
However, because the data us=d (bottom-side ionospheric
soundings) did not prcvide zny information on the shape of the
top of the layer, no final conclusions could be drawn,

The effect of using the correct quadratic loss coefficient
in the calculations was also considered. Since a wide range of
values had been reported up to that time for this coefficient,
the authors adopted a best estimate which would give the most

consistent results for their diffusion velocity analysis.




The authors analysis was further complicated by the effects
of low-lying ionization. To circumvent this problem they applied
a correction due to Long (1962) to the profiles. This complication
is tightly coupled to the previously mentioned quadratic loss
coefficient since they both are effective at lower altitudes.

Utilizing the above mentioned assumptions, the authors
arrived at the values of the recombinations coefficient listed
in Table IV, Appendix. They found the following value for
the diffusion coefficient:

(0.5 + 0.3)10

17
D= VT Sinzl(cmzsec'l)
n(M)

1.2,2 Transport

Martyn (1947) in attempting to account for the peculiar
morphology of the F2 region had introduced the concept of
ionization transportation by considering the continuity equation

as

3%: q - BN - div(N%).

where V was the transport velocity of the electrons (and ions).
Martyn (1959) pcinted out three possibilities for the origin
of the transport velocity:

1. The air in the region might possibly be in
motion thus carrying the ionization with it.

2. If an electric current were present, the ionization
would drift with the velocity vector.

3. The ionization diffuses under the influences of
gravity and of its own partial-pressure gradient.




He then came up with the following equation which considered

contributions from all the transport processes enumerated above:

’ IN 2g5in’1 [az 3 )N N-] IN
3t - alz.t) BN+ 3 Ao (922 t3T 32 +7_]'WBZ - div (u N)

where W = vertical drift velocity due to a current in the region.

Ferraro (1961) has reviewed work done on diffusion in
the ionosphere. He summarized the results of Gliddon and

Kendall's (1960) investigation as follows:

1. The peak electron density was increased by upward and
decreased by downward drift. Between sunrise and
noon, however, they found that the maximum deunsity
was little effected by drifts,

. 2. Upward drift raised and downward drift lowered the

constant nighttime level h

3. Downward drift tended to produce symmetry both
of Nm and of hm about noon.

4. Upward drift tended to produce a symmetry (i.e.
N, occurred at a time nearer sunset than noon

wﬁnfx h  decreased sharply at sunrise and rose

slowly to reach the nighttime value between sunset
and midnight).

Rishbeth (1961) assumed an isothermal ionosphere and showed
that the height at which dn/dt was greatest was lowered when
diffusion was present but the peak value of dn/dt was only slightly
reduced. It was further shown that at sunrise the inclusion
of diffusion in the determination of density profiles served
to decrease the height at which the peak occurred but

effected the magnitude of the peak only slightly. In doing this,




- 10 -

the author used a continuity equation of the form:

dn/dt = q - BN - Mp - Mg

where BN = loss

My, = term due to plasma diffusion

g

g = term due to electromagnetic drifts

production term

e
il

and a production equation as follows:

a(Z,y) = q, exp (1 - Z - e “CHY).

He illustrated with graphs the fact that near sunrise the
change in electron density showed a linear increase as the solar
zenith angle decreased. He further pointed out that at sunrise
dn/dt was primarily determined by the production q but that its
magnitude was altered somewhat by § and the height of its peak
was altered slightly by diffusion as pointed out previously, He also
concluded that vertical drifts due to electromagnetic forces have
little effect upon the peak values of dn/dt and electron density but

did slightly modify the heights at which they vccurred.

Garriot and Thomas (1962) wrote the continuity equation in
the form %%I =Q - L - M where M = My + Mg, = div(N®). W was the
total drift = W + wg, i.e. the drifts due to diffusion and electro-
static fields, respectively. They then assumed negligible horizontal
variations in N and W and that the eleciromagnetic drift velocity
was independent of height in the F region so that at night the

continuity equation could be written:




>
4 : N N
aN=-5N+D o N + 3 (1 +E Y) a_IQ- + (\’2+ .;5-'\(-}1)— - —‘;3_.

They then made varisus assumpticns abcut the values of the constants
involved and using results from N(h, t) profiles were able to calculate
the electromagnetic drift velocity (¥) cn quiet nights, At Puerto
Rico, drift velccities of the order of abou: 30 m/sec were found

in summer but these were nearer 15 m/sec at equinox. It should

be remembered hawever, ths* the results arrived at were highly

dependent on the assumed value of the recombination ccefficient §3.

Kendall (1962) derived the form of the diffusion operator
for the earth's magnetic fleld, which w=s approximated as a
dipole {ieid, Beginning with the continuity «quaticn,

ON = Q- L - diviN \-/”,‘)

- 3e
the author defined the diciusicn uperater aO/by ths equaticn,

N - . . . .
3t ° Q-L+DON, Ater srme m:it-maiicz! manipulation, the

author arrived at the following =uzlions:

Variable operates N
q 5in? N - 33 oN 4 4q2 bZN N rN
252 Hr d3q =28in% 397  Hr a4
0 sinfl \ , 3Cei6 &N : a?n, ['n
212 aka” a5 2242sin’e as?  aHAsinle
r AET Syrl.4l:r+24a2 N dN
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The notation used was:
p=Cosb
A2 =1+ 3.2

q= roz Cos®

2

i

15u% + 10p2-1

a sinze

H
n

Near the equator of course, p = o and the equations could be

simplified.

Ferraro (1964) considered ambipolar diffusion in the
presence of a magnetic field and refuted statements made by
Chandra (1964) that there were certain discrepancies in the current
theory of ambipolar diffusion in the ionosphere in the presence of
a magnetic field. The author showed that the velocity of ions
perpendicular to the vertical plane parallel to the magnetic field

vector was given by:

wy, Vi e B
v; = x_ W3 where w, = X
v; 2 4+ wzz mj
e B
= Z
Wz
mj
v

i collision frequency

g
1]

velocity in z direction

He further demonstrated that the velocity in the x direction was

given by: Wy Vi Wy W,
S T = w.
i viz + w% 1
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which for Y; €< «, (as is the case in the F-2 region) reduced to:

Therefore the velocity of the ions (and hence the electrons) in the
xz - plane will be mainly parallel to the magnetic field. He
further pointed out that as v z/“’z —> 0, v; — 0 so that in the
limiting case, the flow of electrons was entirely along the lines
of force.

Utilizing the equations of motion, the author proceeded to
show that the vertical velocity of diffusion was given by:

2 1 dn 1

=-DSin1 (—ﬁ‘-a—z-'*" ﬁi )
where D :—Zir_ and Te = Ti-
my v

In the ionosphere, where horizontal currents can flow
unimpeded, the author pcinted out that the drift velocity in the y
direction will be opposite for ions and electrons, thus constituting
an electric current flow. He showed that the electric current
density would be:

.. 2nKT ,! ©On
) = (_
BZ n

Then he showed that utilizing normal values for these parameters

°n 4! YSinICosl
°Z H;

resulted in the fact that the magnetic field of the drift currents
in the ionosphere caused by the vertical diffusion of the plasma

was negligible,
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Kendall (1964) took exception to the fact that Chandra (1964)
stated that he (Kendall) and others had assumed v, = v; and
therefore their work was based on a faully equaticn. On the con-
trary, Kendall stated that he had not made this assumption. He
further felt that putting v; = v_ (as Chandra had done) before
solving the equation of motion may be incorrect,

The author concluded that:

(i) In the F 2 layer the relative velocity of ions and
electrons was small,

(ii) Although the relative velocity of ions and electrons
was small, the Lorentz Force J x B (where J =
ne (vi - Ve) was large enough to balance the small
gravitational forces and pressure gradients acting.

(iii) The velocity of electrons (and ions) at right angles
to a line of force was vi = E x B/B2 (where B = |B
and E was the electric field arising fr om the
dynamo region).

1. 2.3 Production

Rishbeth and Setty (1961) utilized observational data taken
at Slough and Cambridge to investigate the F-layer at sunrise.
Using this data, it was observed that the rats of increase of electron
density (dn/dt) just after sunrise was greater in winter than in
summer, and also greater at sunspot maximurn than at sunspot
minimum, It was felt that this ssasonal ancmaly in dn/dt was
connected with the well known fact that in northern latitudes the noon
F2-layer electron density is greater in winter than in summer
(the "winter anomaly'). They found that the increase in electron

density began in summer when the solar zenith zngle was
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appr oximately 92° and in winter when the solar zenith angle was
approximately 96°. Shortly after the increase began, thé change in
electron density (dn/dt) became linear for about two hours.

Utilizing the continuity equation dn/dt = q - L the authors
neglect vertical movements in their analysis. Furthermore, at
sunrise, the production term is of major importance in the
continuity equation so that the continuity equation at sunrise reduces
to dn/dt = q. Since f is dependent on both the ratio of 0 to N2
and their ionization cross-sections, any change in ratio of 0 to N2
directly effects the production and hence the rate of change of
electron density at sunrise. The authoi s therefore propose that
it is this change in composition of the upper atmosphere that

causes the seasonal anomaly in the F-region and hence accounts for

the seasonal anomaly observed in dn/dt at sunrise.

Hinteregger and Watanabe (1962) have set forth the following
suggested EUV flux groups which have an effect upon the ionosphere.

1. Group I (911-1027A) penetrates to relatively low
altitudes to ionize 0).

2. Group II (796-911A) creates mostly 0" above 140 km.
However, the lifetime of 0t in the F region is relatively
short compared to higher altitudes due to ion-atom
interchange and subsequent dissociative recombination,

3. Group III (465-630A) seems to have the most effect above
about 200 km where atomic oxygen is the dominant
constituent. Variations in this groups intensity seem to
be a function of time over the ll-year solar cycle and
perhaps even the 27 day period of the sun's rotation.

4, Group IV (280-370A) seems to penetrate slightly deeper
than Group III and is clearly the dominant group in the
130-150 km range,
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The author s concluded that of the above mentioned groups, Group III
contributed most significantly to F-region ionization although all
groups with the exception of Group I, join in ot production.
Watanabe and Hinteregger (1962) have concluded that electron
production in the F-region is primarily due to ultraviolet radiation
in the range 170-900A. The authors have made a study of the
photoionization rates as a function of altitude and solar zenith
angle. From this study, it was calculated that at sunrise (i, e.
g o= 900) the maximum ionization would be at approximately 320 km.
As the sun came up, however, the location of the maximum
ionization descended rather rapidly to the Fy region (= 150 km).

The F, electron~density peak didn't correspondingly shift downward

2
however due to the higher recombination rates found at lower

altitudes.

Nicolet and Swider (1963) pointed out that the following
ionization processes are t.he chief ones occurring in the F-region:

a) Ionization of N, for A<796 X with absorption cross-section
greater than 10*17 cm?2,

o
b) Ionization of 0 for A<796 A subject to the absorption of
N,.
o
c) Ionization of 0 for A<800 A with different absorption

cro%s sect18ns for its ddfferent ionization potent1als at
910 A, 732 A, and 665 A

They further stated that an exact analysis of the ionization
problem in the F-region required a simultaneous knowledge of the
energy of solar emissions and of the absorption cross-sections of

o, N‘2 and 0,. They felt that, in particular, the penetration of
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monochromatic solar radizticns between the E and Fl peaks must be
known in order to determirne the exact behavior of the electron
producticn but that this was difficult information to obtain due to

the variations in sclar aciivity,

It was also pointec out that the disscociative recombination
coefficient (X ) of the varisus important constituents was not known
very accurately but that since the electron-ion collision frequency
decreased with temperature {cC T"'?’/Z), the normal tendency of
the temperature dependence of O(D should be to decrease with
increasing temperazature,

Nicolet and Swider pointed out that 0+ is transferred into
molecular ions by ion-atom interchange but ot production is
increased by the charge transfer process between atomic oxygen

and molecular nitrogen ioas.

Willmore {1964) has examined 51, 000 satellite measurements
of electron temperature znd density made during April 27-June 18,
1962, in order to examine the energy source required to produce
the observed temperature distribution,

Willmore found that the observed energy input fell with
latitude approximately as the cosine of the solar zenith distance
at noon while the electron temperature increased with latitude
due entirely tc a fall in electron density which also occurred. He
found that this latitude efiect per sisted even at night and suggested
that this showed there is still a source of energy after sunset

(the magnitude being about 2-3 per cent of that in the daytime).




- 18 -

He then concluded that the observed features of the electron
temperature distribution can be accounted for by the heating due
to trapped electrons with energies of 2-3 Kev in fluxes of about
8 x 109 cm'zsec-l, supplemented during the day by photo-electrons
produced by sunlight provided due allowance is made for the
effects of escaping photo-electrons spiralling upwards along the

lines of force.

Garriott and Smith (1965) have used data from Syncom III
transmissions obtained at Hawaii and Stanford to obtain an
integrated production rate., This was accomplished by utilizing
sunrise data and assuming that the integrated loss term in the
continuity equation was negligible at night and for at least 30
minutes after ground sunrise. The divergence terms were
neglected since N = 0 at both low and very high altitudes. Therefore,
the continuity equation was reduced tc an integrated electron
density and a production term which was dependent on the Chapman
function. Using this method, an integrated production rate for an
overhead sun was found to be 1.4 (+ 0.3) x 1014 electrons/mz/sec
in the autumn of 1964. This corresponded to a peak q, of
approximately 1. 3 x 107 electrons/m3/sec for a single constituent

atmosphere.

1.3 Specific Statement of the Problem
The primary objective of this study is to measure the rates
of recombination, diffusion, and drift in the F-~regicn from

incoherent scatter sounding profiles. In particular this
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investigation will attempt t5 resolve some of the assumptions

made in the previous analysis by Nisbet and Quinn (1963) and

Quinn and Nisbet (1965). These assumptions had to be made
because of the incompleteness of their data. These assumptions,
of course, have a direct effect upcn the values of the recombination
and diffusion coefficients citcd in thie above mentioned works,

and hence it is desirable to eliminate as many of them as

possible. The major difficulties encocuntered were as follows.

1.3.1 Effect of the Shape Assumed for the Top Profile

The objective here is to arrive at electron density profiles
which give the best approximation to the true profile. This had
not been possible in the previous analysis by Quinn and Nisbet (1965)
because they were forced to use electron density profiles reduced
from ionograms. These profiles of course did not extend above the
maximum and it was therefore necessary to assume that the top
profile followed some sort of functional form such as a Chapman
Cx profile. The top profile however gives an indication of the ion
temperature and it is ther=fore of considerable importance to know

the shape of the profile as accurately as possible.

1.3.2 Effect of Determining Temperatures from the Profiles

The problem here is to arrive at the temper atures in the
ionosphere as precisely as possible, The temperatures are not
only important in the construction of the neutral atmosphere but
also a knowledge of the temperatures may give an indication of what

the heating mechanisms were that produced the temperatures.
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Previously, Quinn and Nisbat {(1965) used a relation between
the mean monthly temperature and the 10.7 cm solar flux given
by Harris and Priester (1962) to arrive at the temperatures.
They also used another method which utilized the thickness parameter
scat to determine the temperature from the electron density
profiles and found that temperatures deduced from this relation were
systematically lower than temperatures determined from the 10,7
cm solar flux. Hence it appears that some ambiguity exists here
and it is therefore desirable to arrive at the temperatures by a

more direct approach,

1.3.3 Effect of the Quadratic Loss Coefficient

The quadratic loss coefficient (o<) is extremely important in
the lower portion of the F-layer. A wide range of values has been
reported for this coefficient in the literature and therefore it
appears to be one of the major uncertainties in this work as well
as that performed by Quinn and Nisbet., It is therefore desirable
to arrive at an estimate of the quadratic loss coefficient which
gives the most consistent results with respect to the diffusion

velocity profiles.

1.3.4 Effect of Low-Lying Ionization

The objective here is to insure that the effects of low-lying
ionization are taken into account when the profiles are determined.
If the Te/Tj ratio is high in the low regions then the density
measurements will be affected. Quinn and Nisbet (1965) used a

correction due to Long (1962) to correct their profiles at the
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lower altitudes. It is here, however, that the quadratic loss
coefficient is important and here that the lower boundary
conditions for the diffusion velocity are established. Therefore
it is very important to have profiles that are as accurate as

possible so that corrections are not necessary.

1.3.5 Effect of Change in Te/Ti

The objective here is to study the cooling during the night
to look for sources of ionization. In other words by studying the
change in T,/T; throughout the night, it may be possible to
arrive at some conclusions about what is causing the production

during the night.
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2, METHOD OF ANALYSIS
2.1 Theoretical Background

2.1.1 Metkod of Data Reduction

Gordon (1958) suggested that radio waves incident upon the
ionosphere at frequencies well above the critical frequency would be
scattered by irregularities in the electron densities. He therefore
proposed that a powerful radar could detect the incoherent backscatter
from the free electrons in the ionosphere and hence the electron
density profile could be measured. He further suggested that since
Doppler shifts in frequency would result from the thermal motion of
the electrons, the electron temperatures could be deduced by
measuring the width of the specirum of irequencies returned from a
given volume.

This is the basic principle behind the method used for
obtaining electron density profiles and electron and ion temperatures
from incoherent backscatter experiments conducted at Arecibo,
Puerto Rico and other similar installations arcund the world.

Much has been written on this subject by workers in this field (i.e.
Pineo and Briscoe (1961), Salpeter (1960), Evans (1962), Laaspere
(1959), Fejer (1960), and others) and therefore no detailed
discussion of the method will be undertaken here. However, it is
felt that a brief discussion is necessary concerning what is
measured with reference to how Te and T; are obtained from the

spectra and how ng is obtained from the power densities.
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At Arecibo a radar pulse-width of 500us is normally used
for obtaining spectra for altitudes below approximately 500 km.
A pulse is transmitted, backscattered by the ionosphere and
subsequently processed by the receiver. Gating of the receiver
is performed to obtain spectra at various altitudes. Each altitude
is probed for approximately two minutes. The returned signals
are processed by the receivers and arrive at a spectr.um analyzer
having 100 narrow filters each centered 200 cycles from the
next, The averaged output from the spectrum analyzer over a
two minute period is combined to give a spectra plot from which
the Te/Ti ratio and T; may be determined. The half-power
bandwidth of the spectra and the peak-to-valley ratio give an
indication of the ion temperature and the Te/Ti ratic. Moorcroft
(1964) has discussed the reduction of these spectra at length.

The electron density prcfiles are obtained as fcllows.
Signals are transmitted with pulse widths which can be selected
to provide the required degree of resolution compatible with the
sensitivity and integrating times desired. The returned signals
are received and sampled by a digital voltmeter, the ocutput of
which is connected to a digital computer which records and
integrates the received signal. The length of time of integration
is a matter of choice but it has been found that intervals of
five minutes or longer give reasonably accurate electron density
profiles. Two receiver channels are used to deduce the final

profiles. The density channel processes the received signals and
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deliver s them to the computer for integration. Simultaneously,
th_é recovery channel processes the signals and gives an
indication of any receiver recovery problem that may exist due
to gating of the receiver, The signals processed by the recovery
and density channels are then combined in the computer to
subtract from the electron density profiles any residual due to
receiver recovery. Finally each resulting profile is

. norma.lized so that the“peak' jele'cﬂ:rvoh density corresponds to the |
- peak electron density determined from ionosonde records which

| are taken simultaneously,

2,1,2 Procedure

Data is being obtaired &t Fuerto Rice for tree winter days
( a day corresponds to a thirty hcur ?eriod ) and three summer
‘days every year for the next several years., By obtaining both
winter and summer data over the solaz cycle, it is felt that
the seasonal ldepém‘ienc'e (for varying sclar conddtions) of both
the recombination and diffusion coeificienis may be obtained.
Computer programs have been written which compute the
diffusion and recombination coefficients utilizing the method
developed by Nisbet and Quinﬁ (1963), The present work was done
using data from one winter and one summer day,

The densities for the following work were obtained using
a transmitter pulse width of 100 p. sec. The receiver and gate
;ielays were such that for the summer data, densities were

obtained every 15 km over the altitude range from a.pproximately




100 km to 750 kmm. For the winter data, densities were obtained
every 30 km over the altitude range from approximately
100 km to 1150 km.

Spectra were obtained using a 500 p sec transmitter pulse
width which resulted in a 75 km height resolution. Hence
temperatures (Te and Ti) were obtained at 225 km, 300 km,

375 km, and 450 km. For the calculations, it was assumed
that the Te/Ti ratio decreased linearly to one at 150 km and

600 km,
2.2 Analysis of Experimental Data

2.2.1 Shape of the F Region Above the Maximum

The shape of the electron density profile above the maximum
in the region where diffusion effects dominate and atomic oxygen
is the major ion is dependent on the sum of the electron and ion
temperatures, Figure 1 shows electron and ion temperatures
for one summer and one winter night., In winter the electron
temperatures in the ionosphere decrease steadily and become
essentially equal to the ion temperatures throughout the major
portion of the night. These temperatures are seen to descrease
rather steadily until apprcximately 3:00 at which time the ion
and electron temperatures begin to increase.

In summer the electron temperatures drop rapidly in
the first two hours after sunset and then remain relatively
constant throughout the night. It can be seen on the plot that

the electron temperature has stabilized at a slightly higher




I 3d¥nold

H3L1vOSHOVE WOM4 S3YNLIvd3IdWil NOY.LO313 GNV NOI

(SY¥H) 3WIL _ (SHH) 3NIL
90 SO vO €0 20 10 00 £2 22 12 02 6l | a0 SO $O €0 20 10 00 g2 22 12 02 6l
| 1 1 1 I 1 i 1 1 1 1 | SER 1 1 ] | | 1 i | 1
400s 400¢
009 009
00L 00.
—
008 Z 008
O
006 3 006
>
oool & 000!
20
ooil m 0011
002! 2 oozl
wy G - —— 0o¢g! 0o¢gl
WYy 00 —=—X--— X -jo0ov! 00vI
wy ggg -—--o-- —o— 4006S! 006!
1 ] ' ]
= L Hoos9l * t 0osl
-00Zl -oo.l

G96! ‘O¢ ‘62 3INNP 96l ‘8l ‘LI ¥Y38W303a

IUNLVYIdNDL

(Mo)




- 27 -

value than the ion temperature throughout most of the night at
300 km. At approximately 04:00 hours, the electrons are seen
to begin heating up and rise rather rapidly thereafter.

Figure 2 shows comparative values of the plasma scale
height calculated for a summer night, Values are given
calculated from electron and ion temperatures measured using
the incoherent backscatter spectra assuming Ot as the major
ion, from the relation given by Jacchia (1962) assuming that
T, and T, are equal, and from the slope of the electron density
profile at 450 km. It is apparent that on the summer night
investigated, the plasma scale heights calculated using the
incoherent scatter spectra are larger than those calculated under
the assumption that T,, T; and T,, are equal. More important
perhaps is the change in scale height as a function of time, for
this controls the downward flux of electrons through the maximum.,
If such an effect is not taken into account for recombination
coefficients calculated from profiles below the maximum, the
resulting recombination coefficients will be underestimated.

The winter night shows essentially the same type variations as

observed in the summer.

2.2.2 Effects Related to the Lower F-Region

In the previous analysis by Quinn and Nisbet (1965),
mean monthly ionograms were used which had been calculated
by a modified Budden method. Such profiles have been

shown to result in an underestimation of the electron densities
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at low heights and hence a correction based on the work of
Long (1962) was applied.

In the present analysis incoherent backscatter profiles
have been used which do nct suffer from these disadvantages.
Figure 3 shows electron density profiles measured at night
using the incoherent scatter profiles. On tkese same graphs,
profiles are included which were reduced from ionograms taken
at approximately the same time using a reduction method developed
by Doupnik and Schmerling (1965). It is quite evident that the
profiles from the backscatter and reduced ionogram methods are
very similar.

In the previous work, diffusion coefficients were calculated.
The decay in the electron densities at night was related to
the recombination coefficient using neutral atmosphere models.
These coefficients allowed the continuity equation tc be integrated
up to given heights tc determine ion fluxes cor icn velocities. By
comparing these ion velocities with normalized diffusion
velocities calculated from the shape cof the profile, diffusicn
coefficients were calculated,

This type of calcul;lation is extremely sensitiv= t5 the
assumptions made about the effect cf the correction applied. It
was therefore considered of considerable importance to repeat
the analysis with more accurate data.

Figures 4 and 5 show the vertical and normalized

" diffusion velocities calculated at approximately the same time
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on two consecutive nighis{June 29, 30, 1965) during the
summer. The diffusion ccefficients czlculated from these
velocity profiles were:

191[ . 2.
p= 2:398x10 T Sin: h2eect [20:39 krs - 6/29/65]

n{M)

19 2
- -
D= 0:77x10 VT sin‘l m?%sec™?  [20:40 hrs - 6/30/65]

n(M)

From the limited number of examples calculated to date
the indications are that the diffusion cceificients agree with
those estimated based cn the ionograms as previously
corrected. However, ite results of th: incokhsrent scatter
measurements to date ars only for two nights in summer under

low sunspot conditions.

2.2.3 Recombination During Summer

Figure 6 shows the total electron content as a runction
of time during one summer znd one winter night. It is
apparent that on the winter night in particular the electron
content did not decrease and in fact does increase during a
major portion of the night.

During the summer night (June 29, 1965) the elactron
content decrease was large from 20:00 to 21:30 hour s and the

recombination coefficient was calculated. Tablelil ox page
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36 shows recombination coefficients calculated for four values
of the quadratic loss coefficients for various times throughout
the night,

It is apparent that there is approximately a factor of
seven difference between the recombination coefficients calcu-
lated at 20:40 and 21:30 hours for &« =1 x 10'15. However,
if one looks at the change in electron content for the night in
question (Figure 6), it becomes clear that the observed
variations in the recombination coefficient were brought about
by a arastic change in the rate of electron decay which began at
approximately 21:30 hours.

It is felt that the drastic change in electron decay
observed on this night is not representative of the usual summer
night behavior and may have been caused by a moving

disturbance over the observatory, but more data will be needed

for other days to either prove or disprove this theory.

2.2.4 Recombination During Winter

In winter it is apparent that the integrated electron content
did not in fact decrease during the night, It is thus not
possible to explain this behavior on the basis of a decaying layer
alone but it is important to make an estimate of the amount of
production or ion flux into the region required to explain the
observed behavior. This was done by considering the day as a

whole,
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Shortly after sunrise, the production and rate of change of
electron density terms predominate in the Fl region continuity
equation. It is therefore possible to determine the production
profile at that time in the region of 200 km even if the diffusion
and recombination coefficients are not assumed to be known
within an order of magnitude. Figure 7 shows profiles of the
terms of the continuity equation at 6:42 hours calculated using
data from the incoherent scatter sounder. The recombination
coefficient values chosen for these calculations were taken from
Quinn and Nisbet (1965). The diffusion coefficient was chosen to

be
4.0x101%2VT sin’l (mZsec)
n{M)

a purposely high estimate. It is apparent that the loss and diffusion

D=

?

terms are small in the region of 200 km compared with the
observed values of dn/dt. Watanabe and Hinteregger (1962)
have presented production functions for various zenith angles.
These were the functions used to represent the production rate at
a solar zenith angle of 85!o (i. e. near sunrise) along with an
appropriate scaling factor (.644 in this instance).

The time period around 13:00 hours was next examined. It
had been determined that at this time the region was stable at
all heights and that it could therefore be assumed that the
production and loss terms would be approximately in balance.

The production at this time was then calculated using the same
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scaling factor as had been used for the dawn measuremernt, This

resulted in a total integrated production ai 13:00 hours of

-
+14 -2 -1,
jq dz=1.30 x 107'* electrons m™ “sec

Using this production rate a value fcr the recombinaticn
coefficient was estimated to be

Bygp = 1-98 x 107 % sec™!.

Based on the recombination rate cstimated at 13:0C hours
the recombination rate was calculated as a function of height
at midnight using neutral atmospheric models due to Nicolet
(19€1).

Figure 8 shows the estimated production at 13:00 kours
and the estimated loss ai midnight calcula®zd in the mannex
described. It is apparent thzt the total production required to
maintain the nighttime ionospi.ere in winter is approximatel
five per cent of that presan! during ke day. From these
calculations it is estimated that cn the night investigated a

total prcducticn of the order of

fq dz=7.50 % 13" % clectzon m™% sec™”

woula have been sufficient to maintain the cbserved electron
densities,

During the night in question, the icnosphere in the
conjugate region was illuminated continucusly ai heights above

300 km and there wculd therefore be a corftinuous flux of
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photoelectrons from this region. A large percentage of these
electrons would have sufficient energy to ionize atomic oxygen

and the fluxes which are required to explain the pre-dawn increase
in electron temperatures are by no means negligible as an input
flux. It is of course not possible to continually supply electrons
during the night from one end of a field line to the other without
either introducing a corresponding flux of ions, providing an
equalizing current flow, or building up an electric field.

The electrons do come over as is indicated by the large increase
in heating at high altitudes whenever the solar zenith angle

at the conjugate area is less than 93°,
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3. Results of the Analysis

3.1 Seascnal Dependence of Recombination Coefficient

For the summer night at 24:00 hours, would have

. ‘3300
been approximately 5,0 x 10‘5 sec_l if the effects of the moving
disturbance as previously noted were taken intc consideration.
Winter night calculations, as previcusly described, have yielded
a Bygq of 4 16 x 10°° sec”! for 24:00 hours. The winter values
were derived in a very different manner from the summer values
and depended on a knowledge of the diurnal variation of the
neutral atmosphere which is only marginally available at present.
Any difference between the two measurements cannot therefore
be regarded as signiiican:, . lcus fwicrs were discovered that
would cause errours in the previous anciysis based on reduced

ioncgrams. Mure werk therefore remeains to be dene befere a

definite statement can be made on this pnint.

3.2 Diffusion Ccefficient
Based on the assumption of a i.=ight independent drift
component and a diffusicn component alone being responsible for
the total velocily, the diffusion ceceificient was calculzted for
two consecutive nights during the summer at approximately
20:40 hours, A best estimate would be

19
D= (0.5+0.25)x10°7T ¢ 2 (mZsec™ !,
n (M)
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The ''drift velocities' in both instances were observed to be
approximately 5 m/sec with "diffusion velocities" on the

order of 10 m/sec.
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4. Summary and Conclusions
4.1 Comparison with Previous Results

4,1.1 Electron Density Profiles and Ionospheric Temperaﬁur es

Evans (1965, a, b, ¢, d) has done some extensive ionospheric
research using the backscattering technique at the Millstone
Hill Radar Observatory. Evans (1965 c) has found that the electron
temperatures remained larger than the ion temperatures through-
out the night in winter, indicating a source which was preferentially
able to heat the electrons. Inthe present work it was found that
the electron temperature was higher than the ion temperature
at night when the conjugate region was sunlit. Te and Ti
decreased continuously until 23:00 hours.

Evans (1965 d) has pointed out that three methods of
measurements (radar backscatter, rockets, and satellites) have
indicated that at night Te increases monotonically with altitude
and that Te > Ti both at night and during the day, From the
present results however one can only conclude that at night
during the winter Te is essentially equal to T.1 in the F-region.

In the summer, however, Te > Ti at some altitudes during
the night. Te was found to increase monotonically with

altitude,
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4.1,2 Recombination Coefficient

The present result for a summer night of ﬂ300 of

> sec-1 at 750° K may be compared with the value

5

5.0x 10
obtained by Quinn and Nisbet (1965) of [2.1 + 2] x 10~
sec-1 at 750° K,

It was shown that in winter under low sunspot conditions
the nighttime F-region cannot be adequately explained on the
basis of a decaying layer and that it was necessary to assume
a nighttime production or influx of the order of 7.5 x 1012
electrons m-z sec-1 to make up for recombination compatible
with daytime observations.

The winter results of Quinn and Nisbet (1965) are thus
too low. Two of the effects they postulated to explain their
low values have been confirmed. It was shown that the electron
temperature does indeed decrease continuously prior to mid-
night and the atomic oxygen layer was observed to be compressed
by the continual lowering of the altitude at which atomic hydrogen
ions were observed to predominate. Neither of these causes
was found to be sufficient, however, to explain the low results
again in confirmation of the previous analysis.

The present study is not adequate to provide an answer

on the possible seasonal variation of the nighttime r ecombination

coefficient.
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4,.1.3 Diffusion Coefficient
Quinn and Nisbet (1965) reported a value for the diffusion
coefficient of

(0.5 +0.3) 109V

D = Sin’l (m?sec”
n(M)

h

Various values for the constant in the above equation have been

reported and a few of these are listed in Table III below.

TABLE II1

Comparison of Diffusion Constants

D n(M)/VT
-1 -1 Author
cm  sec
17 : .
4,.5x 10 Shimazaki (1957)
2.07 x 10%7 Cowling (1945)
4,30 x 10]‘7 Dalgarno (1964)

17

(0.50 +0.3) x 10 Quinn & Nisbet (1965)

17

(0.50 + 0.25) x 10 Present Study
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Hanson (1966) has commented that Dalgarno's values must
be multiplied by a factor of 2 in order to represent the ambipolar
diffusion case. In Table III above, Hanson's factor of 2 has
been included in Dalgarno's results. Hanson (196€) also stated
that Quinn and Nisbet's (196%) results were too low as a
result of the corrections they applied to their profiles low
down. The present study, however, required no corrections
to the profiles low down other than the observed Te/Ti
ratio correction,

Based on the neutral atmospheric models of Nicolet (1961),
a value for the diffusion coefficient of

(0.5 +0.25) x 10" VT

D= sin’1 (mzsecwl)

n(M)

was obtained in this study. This is in gocd agreement with the
value previously obtained by Quinn and Nisbet (1965) using the
same method of analysis and the same models of the neutral
atrriosphere. It thus appears that the discrepancy between the
experimental results and the theoretical and laboratory values
is not due to the corrections applied to the ionosonde reduced
profiles but is either a real effect or a result of an assumption
used in the analysis.

The simple assumption used in this and the preceding
analysis using the same technique was that only two components

of the vertical velocity were present, a vertical velocity
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independent of altitude called the drift velocity and a second
component varying in altitude in the same manner as the
diffusion term in the continuity equation, This assumption is
probably a considerable simplification of the actual conditions.
Neutral atmospheric winds are no deubt present on the

night side of the earth. They appear %o have been observed by
satellites [King-Hele (1965)] and have been investigated
theoretically by King and Kohl (1965), Ceisler (1966) and
Volland (1966). Such winds will be height dependent and will
be lower at 230 km than at 335 km and could thus considerably
influence both the estimates of the diffusicn coefficient and
the uniform drift velocity if they were present.

As pointed out by Quinn and Nisbet (1966) the estimations
of the diffusion coefficient, granted the assumpticns on which
the calculations are based, are only as accurczte as the
neutral atmospheric mcdels, As has been shown by Stein and
Walker (1965), there is considerable lziitude in the choice of
neutral atmospheric models which will it satellite data, and
satellite retardation and gage mezsuremen:s made on the
same vehicle have shown differences in dens’iy measurements
of a factor of 2.

The assumptions upon wkich the total ion velocity
calculations are based are less extensive particularly at times
when the layer is decaying rapidly, At such times, the

transport and loss terms predominate in the continuity equation
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and the major sources of error are related to the loss estimates.
Figure 9 shows the profiles of total velocity that would be
obtained for the calculated value of recombination compared with
values obtained if these are assumed to be 50 per cent higher

or lower than calculated. It is apparent that the actual values
are changed by approximately 20 per cent and that the general
shape of the velocity profile remains unchanged in the

vicinity of the peak and above.

4,2 Conclusions

The results of the present analysis compare very closely
with those obtained by Quinn and Nisbet (1965) with the
exception of the winter time recombination coefficients as
pointed out previously. Due to the close agreement between the
two works that was observed, it is felt that many of the
assumptions made in the previous work were valid. Some of
these assumptions will be discussed in the succeeding

paragraphs.

4,2.1 Shape of the Top Profile

In this analysis, data was available which extended from
below the maximum to approximately 1000 k. The top of the
profile is therefore readily obtainable from the measurements
made and hence no assumptions had to be made about what shape
the top profile should assume. It was determined that in

winter the scale heights changed steadily up to midnight and




ALTITUDE (km)

6 3yNoid

(99s/w) ALID0T3A IVIIL¥3A TVIOL

o I- G- Ol-
I

oeeH
Syt G9/62/9 SuH 6£:02

092}
o o X,
o062} °'8 ¥3IMO1 9,06 —* K
00%tg MIHOIH 94,05 -~ -~
GOl
0g @IV INTIVI —o—
(eYA o

151X A




-51 -

that in consequence the winter recombination coefficients were

underestimated in the previous analysis.

4,2.Z2 Determining Temperatures from the Profiles

It was not necessary to determine the temperatures from
the profiles as previously done by Quinn and Nisbet (1965)
since the backscattered spectra give directly a measurement
of the ion temperature and Te/Ti ratio.

It was shown in Figure 1,‘ page 26, that on the winter
night in question, the electron and ion temperatures began
increasing at approximately 03:00 hours. Local sunrise,
however, was not until approximately 06:42 hours. Carlson
and Nisbet (1965) have shown that the time of this observed
increase in temperature coincides with sunrise at the
conjugate point and hence have set forth the idea that this
heating is caused by photoelectrons from the conjugate
ionosphere. Furthermore, the irregularity of the temperatures.
at the higher altitudes (300 and 375 km) thr oughout the winter
night coupled with the observed increase in electron content
throughout the night (Figure 6, page 34) lends some support
to the idea of nighttime production during the winter. The
conjugate ionosphere was illuminated at heights above 300 km

throughout the night.
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4,2.3 Quadratic Loss Coefficient

A value of 1 x 1071°2 ;™3

sec™! for the quadratic loss
coefficient provided the best agreement between the total
and diffusion velocity profiles for both of the summer nights
considered, This coefficient still seems to be the point

of major uncertainty in this work as well as the previous

one by Quinn and Nisbet (1965).

4.2.4 Low-Lying lonization

Since such close agreement was found between the
diffusion coefficient calculated in this work and that obtained
by Quinn and Nisbet {1965), it does not seem that the method
of compensating for low-lying icnization was a mejor source
of error in the prececing work, Furthermcre, Figure 3,
page 30, has shcwn that recent ionosonde reduction methods
[ Doupnik and Schmexrling (1965)] agree well with incoherent

scatter profiles low down,

4.2.5 Changein T /7,

During the summez night, the temperaiures in the F-region
were observed to decrease rather rapidly following sunset
and then remain relatively constant until sunrise. The electron-
to-ion temperaiure ratio was found to decrease to one by
approximately 20:30 hours and remezin close to one until
sunrise the following morning at all altitudes with the possible

exception of 300 km where it appeared the electron temperature
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remained above the ion temperature throughout the night,

The total electron content for the summer night was found

to decrease rather consistently throughout a major portion of
the night.

The winter night on the other hand, showed a rather

slow decrease in electron and ion temperatures throughout most
of the night until conjugate point sunrise, at which time both

the electron and ion temperatures began to increase. The
electron content was found to increase throughout most of the
night indicating a production mechanism was present. It was

proposed that this production mechanism was photoelectrons

from the conjugate ionosphere.

4.3 Suggestions for Further Research

The present work has been done considering only two
days (one summer and one winter) under low sunspot conditions.
Hence it is difficult to make conclusions concerning seasonal
variations with this limited amount of data. Also, as more
is found out about the neutral atmosphere, a more accurate
estimate of the recombination and diffusion coefficients will
be possible.

It is therefore suggested that this analysis be repeated
using more data for both the summer and winter calculations.
The variation in recombination and ion velocity with solar
activity can also be investigated when this data becomes

available in the future.
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Subsequent investigations into ioncspheric winds and
drifts will be of significant importance in the accurate
determination of ionospheric movements, For instance,
if horizontal gradients are present this would have a direct
effect upon any diffusion or vertical drift velocities observed.
To date, most investigations have neglected horizontal
gradients,

It would be profitable to invesiigate Arecibo's conjugate
region using reduced ionograms and Nisbet and Quinn's
(1963) method. Then comparisons could be made with data
obtained at Arecibo at the same time. Some conclusions
could then be drawn about nighttime production mechanisms.

Further research should also be done concerning the
scattered high energy electrons from the Van Allen belt
since these may have a direct effect upcn the electron flux

into the ionosphere and resultant heating of the F-region,




—
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